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Abstract
In this work, the newly designed phenothiazine-based organic dye (PT-BTBA, PT-EBTBA, and PT-EBTEBA) derivatives were
screened and investigated for dye-sensitized solar cell (DSSC) application. The literature dye of SB covers the electron-donor (D)
in phenothiazine and cyanoacrylic acid in electron-acceptor (A) based on D-A structure. In order to improve the π-conjugation
and acceptor group effects on the SB dye were theoretically investigated. The effect of D-π-A designed dyes on the optical
absorption spectra and photovoltaic (PV) parameters was implemented by the density functional theory (DFT) and time-
dependent DFT (TD-DFT) calculations. Also, the hybrid functionals were initially evaluated to establish an accurate methodol-
ogy for calculating the first-singlet absorption peak of SB dye. Consequently, TD-CAM-B3LYP functional and 6-311++G(d,p)
theory were well matched with the literature data. According to this result, phenothiazine-4-((7-ethynylbenzo[c][1,2,5]thiadiazol-
4-yl)ethynyl)benzoic acid (PT-EBTEBA) dye has the strong group for more red-shifted and successful electron injected into the
conduction band edge of TiO2 surface. It is expected to provide some theoretical guidance on designing photosensitive with new
metal-free organic dyes for use in DSSCs yielding highly efficient performance.
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DSSCs

Introduction

Michael Gratzel and O’Regan groups first developed the dye-
sensitized solar cells (DSSCs) in 1991; they converted light
energy into electricity [1]. In photovoltaic (PV) device, DSSC
components were contained in the conduction band edge

(CBE) of semiconductor titanium dioxide (TiO2) surface,
photoanode sensitized dyes, redox shuttle, and counter elec-
trode, respectively [2]. Furthermore, sensitizers can be divided
into two categories: (i) metal complex and (ii) metal-free or-
ganic dyes have one of the key components for high power
conversion efficiency (PCE) in DSSCs. Recently, the scien-
tific research report was conducted by PCE up to 24.2%, but
the conventional electricity production process is still non-
competitive [3]. Metal-free organic sensitizers contain the do-
nor (D), π-bridge (π), and acceptor (A) (D-π-A) that have
feasible flexibility for molecular proposal in DSSCs. Also,
D-π-A pattern of the dyes was strongly desirable because of
their several features, such as large absorption wavelength,
high efficiency, tunable molecules with optoelectronic prop-
erties, lower cost large-scale production, easier preparation,
and purification [4–7]. Other major advantages of the organic
sensitizers cover the tunable absorption wavelength and PV
properties over suitable molecular architecture [8, 9]. In liter-
ature, novel organic merocyanine [10], cyanine [11],
hemicyanine [12], triphenylamine [13–16], dialkylaniline
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[17], phenothiazine [18], tetrahydroquinoline [19], coumarins
[20–23], indoline [24–27], and carbazole [28] dyes were suc-
cessfully investigated and proven for DSSC application. For
example, Kar groups reported onN,N′-dialkylaniline (NDI 6)-
based DSSCs that exhibit PCE up to 19.24% [29].

Highly efficient organic photosensitizer for DSSCs
must have the following properties [30]: First, dye absorbs
most of the sunlight or light rays, a broad absorption range
that covers together the ultraviolet–visible (UV–Vis) and
near-infrared (N-IR) regions. Secondly, an intramolecular
charge transfer (ICT) from electronic-D and A moieties is
one of the main characteristics of organic DSSCs [31–35].
Third, the suitable energy level of the highest occupied
molecular orbitals (HOMOs) must be below the redox po-
tential I−=I−3 of the electrolyte. Consequently, the oxidized
sensitizer that has lost electrons is then turned back to the
ground state of a redox system. Also, lowest unoccupied
MOs (LUMOs) of the dyes must be above the conduction
band edge (CBE) of the TiO2 semiconductor metal oxide.
Thus, excited state molecule electrons can be efficiently
injected into the TiO2 surface. The D-π-A structure with
acceptor directly bonded to the semiconductor surface,
which favors efficient charge transfer (CT) to the CBE of
TiO2 and regeneration to the ground state of dyes [36].

In 2011, Derong Cao synthesized a D-A-based SB dye
that is a simple structure of the organic chromophore with
a phenothiazine group as a donor and 2-cyanoacrylic acid
as acceptor. The electron-rich nature of a phenothiazine
group delivered a good spread for the electron movement
from D to A. The phenothiazine has strong electron-
donating ability, because of the presence of electron-rich
sulfur and nitrogen heteroatoms. On the other hand, the
unique nonplanar butterfly conformation of the phenothi-
azine ring can sufficiently suppress molecular aggregation
and the formation of excimers. The phenothiazine ring
system can easily be furnished with electron-D or
electron-A groups. D. Cao et.al have reported on SB-
based DSSCs exhibiting a power conversion efficiency
(PCE) of 2.91%, high photocurrent density (6.13
mA.cm2) and photovoltage (709 mV) measured under il-
lumination of AM 1.5G irradiation [37]. The PCE of
DSSCs was generally determined by the short-circuit cur-
rent density (JSC), open-circuit photovoltage (VOC), and
the fill factor (FF). Furthermore, the improvement of JSC
and VOC would significantly enhance the PCE.

Additionally, the spacer and acceptor group effects of dyes
play a key role on TiO2 surface. It has improved efficiency of
t h e o r g a n i c s o l a r c e l l . I n t h i s s t u d y ,
4-(benzo[c]-[1,2,5]thiadiazol-7-yl)benzoic acid (BTBA),
4-(7-ethynylbenzo[c][1,2,5]thiadiazol-4-yl)benzoic acid
(EBTBA), and 4-((7-ethynylbenzo[c][1,2,5]thiadiazol-4-
yl)ethynyl)benzoic acid (EBTEBA) were used as the spacer

and acceptor groups [38]. The designed dye names were de-
noted by PT-BTBA, PT-EBTBA, and PT-EBTEBA. Scheme
1 displays the spacer and electron-A effects of the D-π-A
sensitizers that were under investigation. Furthermore, a de-
tailed inspect on photosensitizing properties of PT-BTBA,
PT-EBTBA, and PT-EBTEBA derivatives was determined
by the density functional theory (DFT) and time-dependent
DFT (TD-DFT) calculations. In brief, the feasibility of greater
configuration and tunable types of all phenothiazine deriva-
tives promises their bright future as sensitizer in DSSCs. The
calculated result of PT-EBTEBA dye represents that the
smaller energy gap, red-shift absorption coefficient shows su-
perior performance for organic DSSCs.

Computational details

The quantum chemical investigations were recognized as a
powerful instrument. It has been used to the electronic config-
uration and numerous belongings of dye sensitizers. The
ground-state geometries of the designed dyes were fully opti-
mized by DFT with the B3LYP [39] and 6-31G(d,p) theory.
The optimized structures without any symmetry constraints
can be confirmed to be at their true local minima (no imagi-
nary frequency) on thepotential energy surface. It has been
generally used for theoretical DSSC research.

The previous TD-DFT valuation suggested extremely ef-
ficient and reliable calculationofvertical excitationenergies,
photoabsorption spectra, and PV properties [40, 41]. In reli-
ability of DSSCs, the great effects of the exchange (XC) and
long-range corrected (LC) functionals were used for absorp-
tion peak. In this work, XC and LC functionals such as
B3LYP, CAM-B3LYP [42], P3PW91 [43], and ɷB97XD
[44] methods were analyzed for UV–Vis peak. From the
functionals, SB dye absorption peak calculated values are
listed in Table 1. From the table, the absolute values were
507, 427, 508, and 398 nm, respectively. From the results,
CAM-B3LYP functional was displayed, nearly well
matched to SB (439 nm) with errors of more or less 68, 12,
69, and 41 nm. Consequently, TD-CAM-B3LYP/6-311++
G(d,p) theory was discovered to be the reliable functional
for the prediction of UV–Vis spectra. The solvent effects
were included by the conductor-like polarizable continuum
model (C-PCM) [45, 46]. During the research, as per litera-
ture, tetrahydrofuran (THF) solvent was used in SB dye.
Also,CAM-B3LYPwas successfully employed for calculat-
ing the absorption spectra of the designed dyes. The absorp-
tion spectra were calculated by GaussSum 3.0 version [47].
The DFT and TD-DFT calculations of the dyes were accom-
plished by Gaussian 09w suite [48].
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Results and discussion

Screening of the dyes and optimized structures

The spacer and electron acceptor groups are a key parameter
with D-π-A structure for high performance of organic DSSCs.
We selected three functional types, which might be made for
the addition of chemical modified in conjugation and accep-
tor. The substituent groups have been given as collected from

the literature discussed above. From the preceding study,
those molecules are good performing for organic DSSC ap-
plication. In this manner, those dyes may be stimulated to the
phenothiazine-based dye derivatives. A newly designed dye
in PT-BTBA, PT-EBTBA, and PT-EBTEBA was investigat-
ed by the DFT and TD-DFT systematically. The optimized
geometric structures of the SB and designed dyes were per-
formed by the B3LYP/6-31G(d,p) level of theory and are
shown in Fig. 1. As shown in the figure, the geometry

Scheme 1 Outlining of
molecular structures for D-π-A
system

Table 1 Literature absorption
maxima and computed absorption
λmax (nm) of the SB dye were
implemented on the TD-DFT
with THF solution

Methods λmax (nm) Oscillator strength ( f ) Main configuration

B3LYP 507 0.39 HOMO→LUMO (98%)

CAM-B3LYP 427 0.63 HOMO→LUMO (92%)

P3PW91 508 0.39 HOMO→LUMO (98%)

ɷB97XD 398 0.68 HOMO→LUMO (89%)

Literature Data (SB) 439 Taken from reference [33]
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structures of the dyes show the better coplanar configurations.
Also, the coplanar structure designates that the photosensi-
tizers were fully conjugated throughout the D-π-A pattern. It
has been favorable for the photo-induced CT from the electron
D-A and also accelerating electron injection to the CBE of
TiO2 surface. Additionally, the introduced π-conjugation
and acceptor part were favored to the broadening absorption
wavelengths.

Electronic structures and FMOs of the planned dyes

Frontier molecular orbitals (FMOs) are very crucial fac-
tors in defining the charge-separated states of dye sen-
sitizers [49]. FMOs of the PT-BTBA, PT-EBTBA and
PT-EBTEBA dyes have been recognized for concerning
electron CT upon photoexcitation. The influence of the
spacer and acceptor in HOMOs and LUMOs was ob-
tained at the optimized structures using B3LYP/6-
31G(d,p) level and is shown in Fig. 2. To make a ca-
pable charge divided by photoabsorption, it is desirable
that the HOMOs were predominantly contained in the
donor fragment of phenothiazine and π-spacer; LUMOs
were localized on the π-spacer and electron acceptor
moiety of benzoic acid (generally on the anchoring ar-
ea). The electron dispersal indicated the best CT char-
acter among the HOMOs and LUMOs. As shown in
Fig. 2, isodensity contour plots of the all dyes were
efficient for CT. The HOMO and LOMO energies show

possible responsibility for the development of PV prop-
erties in organic DSSCs. As displayed in Table 2,
HOMO and LUMO energy values were −5.30, −5.20,
−5.12, and −4.99 eV and −3.01, −2.95, −2.98, and
−2.92 eV, respectively. Moreover, the calculated energy
gap (Eg) values of the studied compounds were 2.29,
2.25, 2.14, and 2.07 eV, respectively.

The HOMO energy level must be lower than the redox
potential I−=I−3 of electrolyte (−4.80 eV) [50]. Similarly, all
the LUMO energies have to be capable of injecting electrons
into the CBE of TiO2 (−4.0 eV) surface [50]. According to
Fig. 3, all LUMO energy dyes lie over the CBE of TiO2 and
the HOMOs were situated below the redox couple. As shown
in Fig. 3 and Table 2, energy levels of the all designed dye
compounds have smaller Eg, compared to SB. In particular,
PT-EBTEBA dye can be identified that the positive response
to wider absorption region with CT and regeneration in photo-
oxidation.

Optical absorption properties

Firstly, the optical absorption peak of SB dye was used four
different functionals (B3LYP, CAM-B3LYP, P3PW91, and
ɷB97XD) with THF solvent and TD-DFT calculation
(Table 1; Fig. 1). According to the best of functional, designed
dye derivatives have been calculated at TD-CAM-B3LYP/6-
311++G(d,p) theory with THF medium. The simulated ab-
sorption spectra and corresponding calculated vertical excita-
tion energy (E), oscillator strengths ( f ), and major and minor
orbital contributions (%) of the dyes are listed in Table 3 and
are shown in Fig. 4. From the figure, all the organic dyes have
shown extensive visibility around 600 nm, which is related to
ICT character. Normally, the molecular dyes with broader
wavelengths and enhanced molar extinction coefficients are
predicted to have higher photo-to-current conversion efficien-
cy of DSSC performance [51].

As shown in Table 3, the calculated maximum optical ab-
sorption wavelengths of the planned dyes were 388, 464, and
506 nm, respectively. In particular, PT-EBTEBA sensitizer
has the longer absorption spectrum compared to other dyes

SB

PT-BTBA

PT-EBTBA

PT-EBTEBA

Fig. 1 Optimized geometric structures of SB and designed dye molecules
were calculated at B3LYP/6-31G(d,p) level of set

Table 2 Frontier molecular orbital energy values and the corresponding
energy gap (Eg) of the designed dyes were performed by the B3LYP/6-
31G(d,p) level of basis set

Dyes HOMOs LUMOs Energy gap (Eg)
in (eV)

SB −5.30 −3.01 2.29

PT-BTBA −5.20 −2.95 2.25

PT-EBTBA −5.12 −2.98 2.14

PT-EBTEBA −4.99 −2.92 2.07
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and SB (427 nm). Also, the vertical excitation energies of the
dyes were 2.68, 2.67, and 2.44 eV, respectively. All the de-
rivative sensitizers have shown red-shifts, compared to SB
dye. The longer wavelengths were assigned to the ICT among
the D to electron-A, and the shorter peaks were assigned to the
localized π-π* transitions within organic dyes. Moreover, the
strongest absorption spectra of dyes were arising from n-π*
transitions. From Table 3, the E was in decreasing order: PT-
EBTBA>PT-BTBA>PT-EBTEBA showing that there were
red-shifts when passing from PT-EBTBA. The calculated re-
sults indicated that a PT-EBTEBA sensitizer has more red-
shifts at the long wavelength side, which was promoted to
further increase the corresponding DSSCs.

PV properties

Power conversion efficiency

PCE of the DSSCs has been calculated by using Eq. (1) [52]:

η ¼ JSCVOCFF

PINC
ð1Þ

where PINC designates incident power density. In
DSSCs, VOC is predominantly determined by the differ-
ence between redox electrolyte and CBE of TiO2.
Commonly, the solution I−=I−3 is used as the redox shut-
tle; it is able to be taken as a constant. The shift of
CBE can be determined by using the formulation to
earlier studies [53]. The μnormal is another crucial char-
acteristic that delivers the vertical electronic charge dis-
persal in the dye molecules. As proven in Figure S0
(supporting information), if μnormal was excessive to a
more extent shift of CBE, the outcome has a large VOC.

As shown in Table 4, the dipole moment values of PT-
BTBA, PT-EBTBA, and PT-EBTEBA are 6.01, 7.80, and
8.31 Debye, respectively. Also, all the dyes may have
possible response of a larger VOC. In particular, a higher
value of PT-EBTEBA can be a very good act for VOC,
compared to SB (4.55 Debye). Among three dyes, PT-
EBTEBA may have the best performance for excessive
conversion efficiency of DSSCs. As for JSC, it is a crucial
part for DSSCs calculated by the formulations of a previ-
ous study [54] and the corresponding factors are discussed
below. In order to attain extreme JSC, light harvesting
efficiency (LHE) of the dye molecules necessarily to be
maintained.

HOMOs LUMOs

SB

PT-BTBA

PT-EBTBA

PT-EBTEBA

Fig. 2 The selected frontier
molecular orbitals of the planned
dyes and SB were implemented
on B3LYP/6-31G(d,p) level of
theory

Fig. 3 The energy levels of the SB and PT-BTBA, PT-EBTBA, and PT-
EBTEBA dyes are calculated at B3LYP/6-31G(d,p) theory
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LHE (λ) can be described by the following equation [55]:

LHE λð Þ ¼ 1−10− f ð2Þ
where f signifies oscillator strength of associated dye mole-
cules related to the absorption peak. So as to provide a need of
the spacer and electron acceptor, we simulated to the absorp-
tion spectra of the dyes affecting the LHE. The calculated LHE
values of the PT-BTBA, PT-EBTBA, and PT-EBTEBA dye
molecules were given in the range from 0.76 to 0.92, respec-
tively. Based on the LHE of the sensitizers, the values have to
be high as probable to maximize the photocurrent reply for

DSSCs. As displayed in Table 4, PT-EBTEBA dye has the
highest value of LHE. Hence, all the sensitizers providedmore
or less similar photocurrent. In specific, PT-EBTEBA dye is
more than the SB and other dyes; it is beneficial for JSC.

Electron injection and dye regeneration

Another method of increasing JSC influence factors of the dye
regeneration (ΔGreg) electron injection (ΔGinject) and oxida-

tion potential energy (Edye
OX

*
) was calculated by using princi-

ples as defined in a previous study [56], and the calculated
values are listed in Table 4. The electronic possession of the
dyes in the first-singlet excited state is a main feature to in-
crease the organic DSSCs. According to the literature, process
occurs from the first excited state of dye to CBE of TiO2

surface [57]. According to Table 4, it is observable that the
ΔGinject calculated values are negative, which means that the
excited state of the dye lies above the CBE of TiO2. As said by
Islam theory, ΔGinject > 0.2 eV [58]. Consequently, all the
absolutely calculated values to be more than the 0.2 eV.
Also, ΔGinject energy values are given in the range from
−1.45 to −1.55 eV, respectively.

JSC is also enhanced by regeneration efficiency (ΔGreg) of
the dyes. For a quicker CT, it is essential to lesser regeneration
[59]. From Fig. 5(a) and Table 4, the absolute calculated
values of the PT-BTBA, PT-EBTBA, and PT-EBTEBA are
0.40, 0.32, and 0.19 eV, respectively. The of PT-BTBA, PT-
EBTBA and PT-EBTEBA dyes values have lesser than the
SB (0.50 eV) for increasing in an organic DSSCs.

Table 3 Calculated maximum absorption wavelength (λmax/nm and corresponding vertical excitation energies in eV), oscillator strength ( f ), and
orbital transitions of the studied dyes were calculated by the TD-CAM-B3LYP/6-311++G(d,p) level of theory in THF medium

Dyes Wavelength Oscillator strength ( f ) Orbitals Contributions

Energy (eV) λmax (nm) Major Minor

SB 2.90 427 0.637 H→L (92%) H→L+2 (3%)

3.94 314 0.350 H-3→L (10%), H-1→L (68%) H-2→L (4%), H→L+1 (8%)

4.12 300 0.319 H→L+1 (53%), H→L+2 (22%) H-2→L (7%), H-1→L (2%), H-1→L+2 (2%)

PT-BTBA 2.68 461 0.988 H→L (67%) H-3→L (11%), H-1→L (18%)

3.73 322 0.007 H-2→L (81%) H-8→L (3%), H-2→L+3 (3%), H→L+2 (8%)

3.87 320 0.040 H→L (24%), H-3->L (31%) H-1→L (31%), H-5→L (8%)

PT-EBTBA 2.67 464 0.538 H-1→L (21%), H→L (73%) H-2→L (3%)

3.51 352 0.009 H-1→L (65%), H→L (20%) H-3→L (4%), H-2→L (3%), H→L+2 (3%)

4.01 308 0.281 H-2→L (18%), H→L+1(14%),
H→L+2 (31%)

H-4→L (5%), H-1→L (6%), H-1→L+1
(3%), H→L+3 (4%), H→L+4 (2%)

PT-EBTEBA 2.44 506 1.129 H-1→L (27%), H→L (69%)

3.31 374 0.003 H-1→L (62%), H→L (23%) H-3→L (2%), H→L+2 (5%)

3.81 325 1.198 H-1→L+1 (16%), H→L+1 (30%),
H→L+2 (34%)

H-3→L (3%), H-1→L (2%), H-1→L+4 (3%),
H→L+4 (3%)

H HOMO, L LUMO

Fig. 4 TD-DFT absorption spectra of designed sensitizers and SB are
calculated at CAM-B3LYP/6-311++G(d,p) level of basis set in THF
medium
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Open-circuit photovoltage

Theoretical analysis of eVOC was determined by using
the formulations as defined in an earlier study [60]. The
eVOC calculated values are presented in Fig. 5(b) and
are listed in Table 4. From the table, PT-BTBA, PT-
EBTBA, and PT-EBTEBA values are given in a range
from 0.99 to 1.08 eV; in these values is a promising
response to the efficient electron injection. Also, larger
values of the LUMOs will produce higher eVOC, which
is provided to PCE of the DSSCs.

According to Fig. 5(b), it has shown that the PT-
BTBA and PT-EBTEBA dyes have larger eVOC value,
compared to SB dye. Specifically, PT-EBTEBA dye has
a higher eVOC, which identifies the extraordinary perfor-
mance of organic DSSCs. Particularly, PT-EBTEBA dye
can be used as dye-sensitized; owing to their electron
injection technique from the excited state into the CBE
of TiO2 to be successfully.

Exciton binding energy (Eb)

To get high PCE in DSSCs, the electron-hole pairs should be
split into separate negative and positive charges to escape from
recombination owing to coulombic forces. During this proce-
dure, the binding energy needs be overcome, that is, the dyes
must take lower exciton binding energy to attain high PCE of
DSSCs. The exciton binding energy can be described by the
following equation [61, 62], and the values are listed in Table 4.

Eb ¼ Eg−EX ¼ EH−L−λmax ð3Þ

where Eg is the energy gap of the HOMO-LUMO and EX is the
optical gap. From the table, PT-BTBA, PT-EBTBA, and PT-
EBTEBA dye absolute calculated values are 0.43, 0.53, and
0.37 eV, respectively. As shown in Fig. 5(c) and Table 4, PT-
EBTEBA dye has a smaller value than the other molecules and
SB. It can be noted that PT-EBTEBA dye has lesser value than
the other sensitizers and SB (0.61 eV), which denotes the ex-
cellent act for DSSCs.

Conclusion

A sequence of three isolated metal-free organic DSSCs totally
on the PT-BTBA, PT-EBTBA, and PT-EBTEBA became
successful with spacer and electron acceptor. The molecular
orbital electronic structures, absorption properties, and PCE
influence parameters of the dyes were investigated systemat-
ically. In this study, the DFT and TD-DFT methods were
discussed in detail to planning dye products. The calculated
results suggested that screened with the spacer and electron
acceptor in PT-EBTEBA has been a promising functional
group for D-π-A structure. Furthermore, the calculated results
imply that the PT-EBTEBA dye has strong light harvesting
efficiency, electron injection, electron transition, dye regener-
ation, open-circuit photovoltage, exciton binding energy, and
increasing the dipole moment, which benefit to higher PCE of
DSSCs. It has been concluded that the choice of the

Table 4 The calculated redox potential of the ground state (Edye
OX in eV),

oxidation potential of the dye (Edye
OX

*
in eV), absorption energy (λmax in

eV), free energy change for electron injection (ΔGinject in eV), driving
force of regeneration (ΔGreg in eV), open-circuit photovoltage (eVOC in

eV), exciton binding energy (Eb in eV), light harvesting efficiency (LHE),
and dipole moment (in Debye) of the studied dye molecules by CAM-
B3LYP/6-311++G(d,p) theory in THF solvent medium

Dyes Edye
OX λmax Edye

OX

*
ΔGinject ΔGreg eVOC Eb LHE Dipole moment

(Debye)(in eV)

SB 5.30 2.90 2.40 −1.60 0.50 0.99 0.61 0.765 4.55

PT-BTBA 5.20 2.68 2.52 −1.48 0.40 1.05 0.43 0.897 6.01

PT-EBTBA 5.12 2.67 2.45 −1.55 0.32 1.02 0.53 0.846 7.80

PT-EBTEBA 4.99 2.44 2.55 −1.45 0.19 1.08 0.37 0.924 8.31

Fig. 5 (a–c) Dye regeneration, open-circuit photovoltage, and exciton
binding energy of the SB and planned dyes were performed by the
CAM-B3LYP/6-311++G(d,p) level of theory
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appropriate screening with spacer and electron acceptor, ac-
curately. Finally, these are very important for the molecular
design of phenothiazine-based highly efficient organic solar
cells.
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